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We sought to determine whether mice deficient in the proi nflammatory caspase-l, which cleaves pre- 
cursors ofIL-lp and IL-18, were protected against ischemic acute renal failure (ARF)* Cdspdse-l^ mice 
developed less ischemic ARJF as judged by renal function and renal histology. These animals had sig- 
niHcandy reduced blood urea nitrogen and serum creatinine levels and a lower morphological tubu- 
lar necrosis score than did wild-type mice with ischemic ARF. Since caspase- 1 activates IL-18, lack of 
mature IL-18 might protect these caspase-l^ mice from ARF. In wild-type animals, we found that ARF 
causes kidney IL-18 levels to more than double and induces the conversion of the IL-18 precursor to 
the mature form. This conversion is not observed in caspas6-l-*-ARJ? mice or sham-operated controls. 
We then injected wild-type mice with IL-18-neutralizmg antiserum before the ischemic insult and 
found a similar degree of protection from ARF as seen in caspase-l-'- mice. In addition, we observed 
a fivefold increase in myeloperoxidase activity in control mice with ARF, but no such increase in eas- 
past'l'*- or IL-18 antiserum-treated mice. Finally, we confirmed histologically that caspase-l-*- mice 
show decreased neutrophil infiltration, indicating that the deleterious role ofIL- 18 in ischemic ARF 
may be due to increased neutrophil infiltration. 

J. Oitulnvest 107:1145-1152 (2001). 



Introduction 

In the kidney, activation of caspases has been described 
during hypoxic proximal tubular necrotic injury in vicro 
and pan-caspase inhibition protects against this injury 
(1, 2). A recent study demonstrates that a pan-caspase 
inhibitor protects against ischemic ARF in mice by inhi- 
bition of distal tubule apopcosis and subsequent 
inflarrunation (3). In this study, however, the effect of 
caspase inhibition on the development of ischemic 
acute tubular necrosis (ATN), a well-escabUshed mech- 
anism of tubular injury, was not studied Also, in these 
studies, the use of pan-caspase inhibitors makes it dif- 

! ficult to implicate a specific caspase in hypoxic/ischemic 
injury. Thus, the mechanism of caspase-mediated 
ischemic ARF and the specific caspase involved in this 
renal ischerni a-r eperfusio n injury is not dear. 

The caspases are a family of intracellular cysteine pro- 
ceases. Caspases participate in two distinct signaling 

. pathways; (a) activation of proinflammatory cytokines 
and (b) promotion of apoptotic cell death (4). Caspase-l 
(previously known as EL- 1 p-convemng enzyme or ICE) 
plays a major role in die cleavage of the IL-ljl precursor 
and the IL-18 precursor. Caspase-l is remarkably specif- 
ic for these precursors of IL-1 P and IL-18 (IFN-y-induc- 
ing factor) by making a single initial cue in each procy- 
cokine, which results in an active mature cytokine 
secreted into the extracellular space (5, 6). Although thy- 



mocytes from caspase-l-*- mice were found to be resistant 
to apoptosis induced by Fas Ab (7), subsequent studies 
did not demonstrate a role of caspase-l m apoptosis (8). 

To establish a pathogenic role of caspase-l in cell injury, 
caspase-l'*- mice have been used These caspase-l"*- mice 
have a defect in production of mature and IL-18 
and are protected against lethal endocoxemia (7, 8). The 
fact that IL-1 mice are not protected against endottox- 
emia (9) suggests a potential role of IL-18 in the lethal 
outcome during sepsis. Moreover, in ischemic ARF, IL-1 
receptor-knockout mice or mice treated wi rh IL-l-recep- 
cor antagonist (EL-lRa) are not protected against 
ischemic ARF (10). Taken together, therefore, these pre- 
vious studies suggest that IL-18 may be a potential medi- 
ator of ischemic ARF- Thus, any protective effect against 
renal ischerrua-reperfusion injury in caspassr*- mice may 
be due to a failure of this caspase ro activate IL-18. 

In the present study, we used caspase-l-*- mice to test 
the hypothesis that caspase-l is a. media ror of ischemic 
ARF in mice. The fact that expression of the proin- 
flarnmatory cytokines IL-1($ and IL-18 is altered in cas- 
past'l-*- mice makes these mice a very suitable model 
for further studying the mechanism of ischemic ARF. 
Thus, the aims of the present study were to determine 
wh ether caspase-l mice are protected against ischemic 
ARF and co explore the mechanisms of this protection, 
particularly the role of IL-18. 
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Methods 

Animals. Cdsp&e-l^- mice were generously provided by 
Richard A. Flavell, Yale University School of Medicine, 
New Haven, Connecticut USA (7). These caspase-l^" 
mice have been well characterized. They do not produce 
mature IL-ip after stimulation with lipopolysaccharide 
(LPS) (7), and splenocytes from these mice have defec- 
tive release of active IL-18 (11). The same background 
male mice (B6"/129-jF2) served as wild-type controls 
(The Jackson Laboratories, Bar Harbor, Maine, USA). 

Ischemia protocol Mice weighing 20-25 g were anes- 
thetized with an intraperitoneal injection of Averrin 
(2,2,2-cribromoethanol; Sigma-Aidrich, Milwaukee, 
Wisconsin, U$A). A midline incision was made and the 
renal pedicles were bilaterally clamped for 22 minutes 
with microaneurysm clamps. The rime of ischemia was 
chosen to obtain a reversible model of ischemic ARF 
and to avoid animal mortality. Serum creatinine reach- 
es a peak at 24-48 hours of reperfusion and then grad- 
ually returns co normal within 5-7 days (data not 
shown). After 22 minutes, the damps were removed. 
The kidneys were observed for restoration of blood flow 
returning to their original color. The abdomen was 
dosed in two layers. Sham surgery consisted of the same 
surgical procedure except that damps were not applied 
During the 2^hour reperfusion period, the animals 
were kept in an incubator at 29 * C. Blood samples were 
obtained by cardiac puncture at 24 hours after renal 
reperfusion or sham surgery. BUN and serum creatinine 
were measured using an Astra Autoanalyzer (Beckman 
Instruments Inc., Fullerton, California, USA), 

Histological examination. Paraformaldehyde-fiied (4%) 
and pararrui-embedded kidneys were sectioned at 4 \un 
and stained with hematoxylin-eosin and periodic 
arid-SchifF(PAS) using standard methods. Histological 
cxaminarions were performed by the renal pathologist 
(M.S. Lucia) in a blinded fashion. Histological changes 
due to tubular necrosis, were quanritated by counting 
the percent of tubules char displayed cell necrosis, loss 
of brush border, cast formation, and tubule dilatation 
as follows: 0 - none, 1 = <10%> 2=1 1-25%, 3 = 26-45%, 
4 . 46-75%, and 5 = >76%. At least 5-10 fields (*200) 
were reviewed for each slide. 
Neutrophil infiltration was quantitatively assessed by 
j the renal pathologist (M.S. Lucia) in a blinded fashion 
; by counting the number of neutrophils per square mil- 
. limecer at x200 using a calibrated ocular grid. Five co 
ten fields were counted in the outer medulla on hema- 
coxylin-eosin-stained slides. 

Caspase'l assay. The activity of caspase-1 was deter- 
mined by use of fluorescent substrates as we have 
described previously (2, 12), with modifications. 
Briefly, renal cortex was mixed with a lysis buffer con- 
taining 25 mM Na HBPES, 2 ruM DTT, 1 mM EDTA, 
0.1% 3-((3-cholamidopr6pyi) dimechylammonio)-l- 
pro-panesulfonate (CHAPS), 10% sucrose, 1 mM 
PMSF, and 1 |lM pepstatin A, pH 7.2, and homoge- 
nized with ten strokes in a glass-Teflon homogenizer. 
The lysate was then centrifuged at 4° C at 1 00,000 g in 



a Beckman Ti70 rotor for 1 hour. The resultant super- 
natants were immediately frozen in liquid N 2 and 
5 toted at -70 ° C until used. Lysate protein was meas- 
ured by the Bradford method as described in the Bio- 
Rad protein assay kit with BSA as standards (Bio-Rad 
Laboratories Inc., Hercules, California, USA). 

The caspase assay was performed as follows: 90 pi of 
extract (200-400 jig protein) and 10 \i\ of the sub- 
strate (final concentration, 50 uM) were added to 100 
pi caspase assay buffer. The assay buffer contained 
25 mM K + HEPES, 1 mM DTT, 1 mM EDTA, 0.1% 
CHAPS, 1 mM DTT, sucrose 10%, pH 7.4. Acetyi-Tyr- 
Val-Ala-Asp-7-amido-4-methyl coumarin (AoYVAD- 
AMC) in 10% DMSO was used as a substrate for cas- 
pase- 1-like proteases. The reaction was then initiated 
by addition of substrate. Peptide cleavage was meas- 
ured over 1 hour at 30 B C using a Cytofluor 4000 
series fluorescent plate reader (PerSeptive Biosystems, 
Framingham, Massachusetts, USA) at an excitation 
wavelength of 380 nm and an emission wavelength of 
460 run. An AMC standard curve was determined for 
each experiment. Caspase activity was expressed in 
nanomoles of AMC released per minute of incubation 
time per milligram of lysate protein. 

Western blot analysis. Kidney cortices were homoge- 
nized in radioirnmunopredpitacion assay (RIPA) 
buffer, and Western bloc analysis was performed using 
standard protocols as described previously in detail 
(12>. A mouse anri-caspase-1 mAb (1:1000; BD 
PharMingen, San Diego, California, USA) or a goat 
anti-IL-18 polydonal Ab (1:100; Santa Cruz Biotech- 
nology Inc., Santa Cruz, California, USA) were us«t 

In situ detection of DNA fragmentation. The rerniinal 
deoxynudeotidyl transferase (TdT) mediated nick-end 
labeling (TUNEL) method was used to detect in situ 
DNA strand breaks. TACS 2 TdT-blue label in situ apop- 
tosis detection kit (Trevigen Inc., Gaichersburg, Mary- 
land, USA) was used. Paraffin sections were deparaf- 
finized, rehydrated, incubated with proteinase K, and 
endogenous peroxidase activity was quenched. The sec- 
tions were then treated with biotinylated nudeotide, 
manganese cation, and TdT enzyme. After treating with 
strepcavidin-horseradish peroxidase (HRP), the sections 
were stained with blue label. The tissues were counter- 
stained with nudear fast red. TUNEL-positive cells in 
tubules were counted in ten random areas each in the 
corcex and medulla by a blinded observer. 

ElectrochemUuminesccnce assay fur IL-18, The electro- 
chemiluminescence (ECL) assay for IL- 18 in whole-kid- 
ney homogenates was performed as described previ- 
ously in detail (11)- The ECL assay detects both 
pro-JX-18 and mature IL-18. 

Rabbit artii-rnurine IL-18 neutralizing antiserum. Rabbit 
and- murine IL-18 neutralizing antiserum was 
obtained from a New Zealand rabbit immunized by 
intradermal injection of murine recombinant IL-18 in 
the presence of Hunter's ticerroax adjuvant (6). The 
EL- 18 antiserum has been used in mice in vivo to 
block endogenous IL-18 (11, 13). 
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immunoperoxidase method. Paraffin sections were 
deparaffinized, rehydratcd, endogenous peroxidase 
activity was quenched, and the sections were blocked 
with 3% donkey serum in PBS for 1 hour. The sections 
were then incubated with a goat polyclonal anri-IL-18 
Ab (1.50 dilution; Santa Cruz Biotechnology Inc). 
Aftcr incubating with bionnylaxcd secondary Ab (Santa 
Cruz Biotechnology Inc.), tissues were treated with 
avidin-biotin-peroxidase complex (Santa Cruz Biotech- 
nology Inc.)* The Ab-bound peroxidase was visualized 
by 3,3'^aminobenzidine (DAB) chromogen. Tissue 
sections were counterstained with methyl green. 

Statistical analysis. Non-normally distributed data were 
analyzed by die nonpararnetric unpaired Mann-Whit- 
ney test. Multiple group comparisons were performed 
using ANOVA with posttest according to Newman- 
Keuls- A P value ofless than 0.05 was considered statis- 
tically significant. Values are expressed as means ± SE. 

in vitro experiment to demonstrate caspase-l cleavage of Results 
IL-18in mouse kidney. Cytosolic extracts were prepared Qtspase-1 protein expression and caspase-l activity are 
from normal wild-type mouse kidney as described in increased in ischemic ARF. There was an increase in pro- 
die caspase-l assay. Cytosolic extract (100 Jig protein) tein expression of both pto-caspase-1 (45 kDa) and 
was added to the caspase assay bufFer without the DTT. active caspase-l (21 kDa) in ischemic ARF compared 
The solution was incubated for 15 minutes at 37°C wirh sham-operated controls (Figure la). To deter- 
with either purified caspase-l (obtained from Nancy mine whether the increase in caspase-l protein 
Thornberry, Merck Research Laboratories, Rah way, expression translates to increased activity, the activi- 
Ncw Jersey, USA) Or purified caspase-3 (Upstate ty of caspase- 1-like protease was measured. There 
Biotechnology Inc., Lake Placid, New York, USA) in the was a 5 1% increase in caspase- 1-like activity in wild- 
presence or absence of the pan-caspase inhibi tor Z-Val- type kidneys in ischemic ARF compared with sbam- 
Ala-Asp(Ome)-fluoromethyi ketone (Z-VAD-FMK) operated controls (Figure lb). 
(400 uM). At the end of the experiment^ samples were Nitric oxide (NO) has emerged as a potent inhibitor 
mixed with 5x sample bufFer and stored at -20 0 C. of cys teine proteases. For example, in both in vitro and 

MPO assay. MPO activity (kinetic assay) was measured in vivo studies, NO prevents IL- 1 P and IL- 18 release 
as described previously with modifications (14). The from macrophages by inhibiting caspase-l (15). To 
snap-frozen kidney samples were homogenized in 3 ml determine whether NO regulates caspase-l during 
of 20 mM potassium phosphate buffer, pH 7.4, and ischemic ARF, we measured caspase-l activity in sham- 
then centrifuged for 20 minutes at 40,000 g at 4 a C The operated wild-type mice and iNOS-deficient mice with 
pellet was resuspended in 3 ml hexadecyltriniediyiam- ARF. There was a 37% increase in caspase-l activity in 
monium bromide (HDTB) buffer (13.7 mM of HDTB, iNOS-deficient mice with ARF compared with sham- 
50 mM potassium phosphate, pH 6,0} (Sigma Cherni- operated controls (P < 0-01 > n = 5). If NO produced by 
cal Co.). After three freeze-and-thaw cycles with soni- iNOS during ischemic ARF was inhibiting caspase-l 
cation between cycles for 90 seconds (Vibracell Sonica- activity, a greater increase in caspase-l activity in 
cor; Sonics & Materials Inc., D anbury, Connecticut, iNOS-deficient mice with ARF, compared with wild- 
USA), die samples were placed in water bath at 60 ° C type mice with ARF, would have been expected. How- 
for 2 hours. Finally, the samples were again centrifuged ever, che increase in caspase-l activity in iNOS-dcfi- 
ar 16,400 g for 10 minutes and supernatant was decant- cient mice with ARF did no t exceed the 5 1% increase in 
cd. Protein concentration was quami tared using Lowry caspase-l activity in wild-type ARF (Figure lb). These 
assay. Twenty-five microliters of the supernatant was data do not support an interaction between NO and 
added to 725 ul of reaction bufFer (0.68 mM 0-diani- caspase-l during ischemic ARF. 

sidine, SO mM potassium phosphate buffer, pH 6.0, 29 Caspase-l^- mice are protected against ischemic ARF. To 

mM H2O2)- The change in absorb ance was measured at determine whether the increase in caspase-l activity 

460 run using a spectrophotometer (Beckman DU640; plays a role in ischemic ARF, we used taspase'l-r- mice. 

Beckman Instruments Inc.)- MPO activity was meas- Caspase-l^- mice developed less severe ARF, as deter- 

ured during the first 2 minutes, calculated, and mined by BUN and serum creatinine, compared with 

expressed in OD per minute per milligram of protein, wild-type mice (Figure 2). 

Immunohistocbemisxry. Irnmunohis to chemical local- Apoptosis. We next determined whether decreased 

ization was performed on parafonnaldehyde-flxed and apoptosis in die renal nib ul es of caspase-l'*- mice may be 

paraffin-embedded tissues using the avi din-bio tin contributing to their protection against ischemic ARF. 
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Caspase- 1 protein expression (a) and activity (b) are increased in 
ischemic ARF. In wild-type mice, there was an increase in protein 
expression D f both pro-caspase-1 (45 kDa) and active caspase-1 
(21 kOa) in ischemic ARF compared with sham-operated controls 
(Sham). The immunobloc shown is representative of three separate 
experiments (a). Also, in wild-type mice, there was an increase in 
caspase-l -like activity in ischemic ARF compared with sham-oper- 
ated controls ( A P <■ 0.01 vs. sham, n - 7) (b). 
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Figure 2 

Caspese-I-'- mice are protected against ischemic ARF. Caspase-1"*' 
mice developed less severe ARF, as determined by BUN and serum 
creatinine, compared with sham-operated wild-type (WT) mice. 
A P < 0.001 vs. sham; B P < 0.01 vs. WT ARf ; i? - 8. 
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murine IL-18-neutralizing antiserum or vehicle (nor- 
mal rabbit serum) was administered as follows: 300 ^lL 
intrapericoneally 40 minutes before renal pedicle damp 
and 100 pL intrapericoneally just before damp release. 
Wild-type mice treated with anti-IL-18 antiserum 
developed less severe ischemic ARF compared with 
vehicle-treated mice (Figure 4). 

MPO activity and neutrophil infiltration. MPO activity in 
ischemic ARF was decreased in caspase-l-*" mice (Fig- 
ure Sa) and anti-IL-18 antiserum- treated mice (Figure 
5 b) compared with sham-operated wild-type mice. 
Thus, reduction of IL-18, either in caspase-l-*- mice or 
by adminiscrarion of rabbtc anri- murine IL-18-neu- 
tralizing antiserum to wild-type mice, results in a 
decrease in MPO activity. 

As MPO activity identifies monocytes/ macrophages 
as well as neutrophils, neutrophil infiltration was 
quantified. Neutrophil infiltration (neutrophils per 
In situ DNA-strand breaks were quancicated using the square millimeter) in the outer medulla was 43 ± 0.8 in 
TUNEL method during ischemic ARF. The presence of sham-operated animals, 384 ± 46 in ischemia-reperfu- 
apoptotic cells was confirmed by detection of con- 
densed, pyknotic nuclei on hematoxylin and eosin 
staining. The number of TUNEL-posirive tubular cells 
per square millimeter in the cortex was 0.025 ± 0.025 in 
sham-operated kidneys, 1.4 ± 0,6 in wild-type ARF (not 
significant [NS] vs. sham) and 0.7 ± 0.4 in caspase-l*' 
ARF kidneys (NS vs. wjld-type ARF) (n - 4-10). The 
number ofTUNEL-positive tubular cells per square mil- 
limeter in the medulla was 0.13 ± 0.13 in sham-operat- 
ed kidneys, 4.7 ± 0.9 in wild-type ARF (P < 0.01 vs. 
sham), and 3-2 ± 12 in easpasfrlS- ARF kidneys (NS vs. 
wud-cype ARF) (n =» 4-10). Thus, while the number of 
TUNEL -positive cells in the medulla, was increased in 
wild-type ARF compared with sham-operated controls, 
there was no difrerence in the cortex or medulla between 
wild-type and caspase-l*- kidneys with ischemic ARF. 

IL-lS protein. IL-18 concentration in kidney 
homogenates was increased in ischemic ARF in wild- 
type mice compared with sham-operated controls (Fig- 
ure 3a). To differenriare the pro-IL-18 from the mature 
form, immunoblotting was performed using an Ab 
that recognizes both forms. In sham-operated wild- 
cype and caspase-l-*- mice, IL-18 in whole kidney was 
predominancly present in the precursor form (22 kDa). 
In wild-type ischemic ARF mere was a conversion of the 
pro-IL-18 (22 kDa> to active (18 kDa) IL-18. This con- 
version of the precursor to active form was attenuated 
in caspase-l*- mice (Figure 3b). 

To demonstrate that caspase-l specifically cleaves 
IL-18 in the mouse kidney, cytosolic extracts were pre- 
pared from normal wild-type mouse kidney and incu- 
bated with either purified caspase- 1 or purified caspase- 
3 (Figure 3c). Cytosolic extracts of normal mouse kidney 
contained pro-IL-18 that was converted to active IL-18 
in the presence of purified caspase-l but not caspase-3- 
The conversion of precursor to active IL-18 was prevent- 
ed by addition of the caspase inhibitor Z-VAD-FMK. 

Mice treated with rabbit anti-murine LL-1 8~neutrtdiztn% 
antiserum developed less severe ischemic ARF. Rabbi c ana- 
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Figm 3 

IL-18 in ischemic ARF. (a) IL-18 protein, measured by the ECL assay, 
was increased in ischemic ARF in wild-cype (WT) mice compared with 
sham-operated controls (sham). *P < 0.01 vs. sham, n - 6. (b) In 
sham Derated wild-type (WT) and appose- mice, IL-18 was pre- 
dominantly in the pro-IL-1 8 form (22 kDa). In wild-type mice with 
ischemic ARF (ARF WT), there was a conversion of the pro-IH 8 form 
(22 kDa) to the active fonm (1 8 kDa). This conversion of the pro-IL-1 8 
to active IL-1 8 form was attenuated in o&pasa-l-*- mice with ischemic 
ARF (ARF^'V The immunoblot shown is representative of three sepa- 
rate experiments, (c) In an in vitro experiment, cytosolic extracts from 
normal wild- type WT mouse kidney were incubated with purified cas- 
pascs. Recombinant murine pro-IL-18 (22 kDa) and active IL-1 8(18 
kDa) were used as a positive control (Pos) (lane 1 ). In die cytosolic 
extract with no additions, IL-1 8 was present only in oHe precursor form 
(lane 2) and addition of purified caspase-3 (10 ng) had no effect (lane 
3). Addition of purified caspase-l (10 ng) completely cleaved IL-18 
from the precursor DO active form (lane 4) and caspase-1 (1 ng) par- 
dally dcaved IL-18 (lane 6). Prior incubation with oSe caspase inhibitor, 
Z-VAD-FMK, prevents the deavage of pro-IL-1 8 to active IL-18 (lanes 
5 and 7). These data demonstrate chat caspase-l , but net caspase-3 , 
deaves IL-18 in the mouse kidney. 
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Figure 4 

Mice treated with rabb'n: anti-murine tL-1 8-neucralizing antiserum 
are protected against ischemic ARF. Wild-type mice treated wich 
anti-IL-18 antiserum (AS) developed less severe ischemic ARF 
compared with vehicle- treated (normal rabbit serum; Ven) mice. 
A P < 0.001 vs. sham, °P < 0.05 vs. ARF Veh; n -= $, 



sion in wild-type mice (P < 0.01 vs. sham, n = 5), and 
135 ± 59 in isehernia-reperfusion in caspase-l^- mice 
(P < 0-01 vs. wild-type isc^ernia-repexfusion, n - 5). 

Renal bistopathology* Histological scoring of ATN in the 
outer medulla was 0 in sham-operated animals, 4.8 ± 0.2 
in ischemia-teperrusion in wild-type mice (P < 0.00 1 vs. 
sham, n D S)> and 3.2 ± 0-8 in ischemia-rcperfusion in 
cdspase-lS- mice (P < 0.05 vs. wild-type ischemia-reper- 
fusionj n = 5) (Figure 6, a and b). 

rmmnn^'crnrVipmioil lnralifrflrinn of IL-18 was per- 
formed IL-18 was localized primarily in proximal 
tubules in sham-operated wild-rype mice (Figure 6c) and 
in ischemic ARF (Figure 6d). Control sections were pre- 
pared by using die IgG preparation of the host instead 
of the primary Ab. Control sections showed no staining. 

Urinary IL-18. IL-18 was measured in mouse urine by 
die ECL method that detects both pro- II-- 18 and 
mature IL-18. Urine was collected in metabolic cages 
from sham-operated and ischemic ARF mice for 24 
hours after renal pedicle clamp. There was an increase 
in IL-18 In the urine of mice with ischemic ARF com- 
pared with virtually undetectable levels in sham-oper- 
ated controls (Figure 7a). 

IL-18 was measured in human urine using a human 
IL-18 EUSA kit (Medical and Biological Laboratories, 
Nagoya, Japan) that specifically detects the mature 
form ofIL-18 (16). The specificity of this kit for mature 
IL-18 was confirmed as follows; recombinant human 
pro-lH8 (R&D Systems, Minneapolis, Minnesota, 
USA) was assayed using the human (L-18 ELISA kit. 
One nanogram per milliliter of pro-DL-18 was detected 
as 10 pg/ml of mature IL-18. Thus, the cross-reacdvity 
of the kit for pro-DL-18 is extremely low. The patients 
with ARF all had an acute rise of serum creatinine co 
above 3 mg/dl and their urine sediment was character- 
istic of ATN, i.e., tubular cells and muddy brown broad 
granular cases. The cause of the ATN was renal 
ischemia caused by gastrointestinal hemorrhage (n = 2), 
severe congestive heart failure (n = 1), bone marrow 



transplantation (n = 1), and end-stage liver disease 
(n = 1). A total of five patients with ischemic ARF and 
five healthy controls were studied. Hie healthy patiencs 
had normal renal function and normal urinalysis as 
measured by dipstick and microscopy. The urine was 
centrifuged at 1,000 g for 5 minutes to remove sedi- 
ment, and the assay was performed on the supernatant. 
Patients with ATN had increased mature IL-18 levels in 
the urine compared with virtually undetectable levels 
in normal controls (Figure 7b). 

Discussion 

The importance of cas pases in tissue injury is evi- 
denced by in vivo studies demonstrating chat caspase 
inhibition protects against ischemic injury in brain 
(17), heart (18), and liver (19)- During renal isehernia- 
reperfusion in vivo, there is increased caspase-3 activi- 
ty (12>. In freshly isolated proximal tubules, caspase 
inhibition protects against necrotic injury by inhibi- 
tion of hypoxia-induced caspase activity (2)-- Also, inhi- 
bition of caspases protects against necrotic cell death 
induced by the mitochondrial inhibitor, antimycin A, 
in cultured proximal tubules (1). While the role of cas- 
pases in ap op to tic cell death is well established, these 
studies provided novel evidence that caspase- 1 may 
contribute to necrotic cell death as welL A recent study, 
however, demonstrates chat the pan-caspase inhibitor, 
Z-VAD-FMK, provides functional protection against 
ischemic ARF by inhibition of apoptosis and subse- 
quent inflammation (3). Thus, the specific caspase 
involved in ischemic ARF as well as the effect of cas- 
pase inhibition on acute tubular necrosis is not well 
established. Caspase-deficient mice are an excellent 
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Frgure 5 

The increase in MPO activity during ischemic ARF b blocked in easpase- 
mice (a) and in mice treated with antML-18 antiserum (b). In 
wild-type mice with ischemic ARF (WT ARF). there was an increase in 
MPO activity compared with sham-operated controls. In caspasB-l^ 
mice with ischemic ARF, MPO activity was normalized. *P < 0.00 1 vs. 
sham; ft P < 0.01 vs, WT ARF; and NS vs. sham; n° 6 (a). In separate 
experiments, in wild-type mice created with enp-IL-18 antiserum 
before ischemic ARF (AS ARF) r MPO activity was normalized com- 
pared with vehicle- created (Veh) animals. A P < 0.001 vs. sham; 
E P < 0.01 vs. Veh ARF; and NS vs. sham; n - 6 (b). 
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FigurO 6 

Renal histopathology (representative pic- 
ture of ac least three experiments), in 
wild-cype mice with ischemic ARF, proxi- 
mal tubules in the outer medulla show 
extensive damage including epithelial cell 
sloughing with focal denudation and 
numerous neutrophils (arrow) (a). In 
comparable sections from cespasB-l'^ 
mice, tubules are largely intact with only 
focal sloughing of tubular cytoplasm and 
minimal loss of brush border. Neu- 
trophils are inconspicuous in this case 
(b). Immunohistochemistry for IL-18 
showed chat there was cytoplasmic 
immunOre*ctivity in proximal tubule 
epithelium in sham-operated wild-type 
mice (c). There was increased IL-1 8 stain- 
ing in necrotic proximal tubule epithelium 
in ischemic ARF in wild-type mice (d)- 
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model to study the specific pathogenic role of indi- 
vidual cas pases during ischemic ARF. Thus, we used 
caspase-l^' mice to demonstrate the specific role of cas- 
pase-1 in ischemic ARF as well as co explore further the 
mechanism of tubular injury in ischemic ARF- 

First we demonstrated that there is an increase in cas- 
pase-3. protein expression and activity during ischemic 
ARF and that caspasv*l^~ mice are protected both func- 
tionally and histologically, againsc ischemic ARF. Cas- 
pase-1 is known to cleave both pro-ILIB and pro-IL-18 
to their active forms (20, 21). Specifically, caspase-1, 
which cleaves pro-IL-ip, also cleaves pro-IL-18 at 
aspartic acid in the PI position, producing a mature 
bioactive peptide that is readily released from the celL 
Caspa$e*l~f~ mice also have a defect in Fas-mediated 
apoptosis (7). Thus there are three possible mecha- 
nisms of this protection: (a) inhibition of IL-1 (J; (b) 
inhibition of IL-18, and (c) inhibition of apoptosis. 

First we considered lL-lp as a mediator of the 
ischemic ARF. IL-lp Is an important mediator of the 
inflammation that occurs during rep er fusion injury (5), 
Thus, it is possible that IL-lfi mediates the tubular 
damage. While there are other enzymes besides caspase- 
1 that cleave the IL-lp precursor into an active cytokine 
during local inflammatory processes (22), in ischemic 
ARF the role of caspase-1 activation would be to gener- 
ate increased EL-lp. Previous studies, however, do noc 
support such an efFecc In cultured human proximal 
tTihtilat* cells exposed to hypoxia* there was an uprcgula- 
don of ICAM-1 that was not associated with increased 
IL-ip (23). In hypoxia-induced injury m freshly isolated 
proximal tubules, the IL- 1-recepror antagonist (DL~ 1 Ra) 
exhibited no protective effect and recombinant IL-ip 
did not worsen the injury (2). Thus, IL-ip does not 
directly mediate hypoxia-induced proximal tubular 
injury. These in vitro results in proximal tubules are sup- 
ported by in vivo studies. Rats treated with IL-1 before 



ischemia did not develop worse renal failure (24). In a 
model of ischemic ARF in mice, identical to that used in 
the present study, IL-lRa (10 mg/kg) did not have a pro- 
tective effect (10). Moreover, IL-1 receptor-knockout 
mice are not protected against ischemic ARF (10). 

Next we considered inhibition of apoptosis as a 
mechanism of protection against ischemic ARF in cos- 
pase-l^- mice. There was an increase in apoptotic tubu- 
lar cells in the medulla in ischemic ARF compared with 
sham-operated controls. However, in the face of func- 
tional and histological (decreased tubular necrosis) 
protection against ischemic ARF in mice, 
there was alack of inhibition of apoptosis- In facr^ the 
role of caspase-l in apoptosis is controversial because 
cdspase-l'*' mice developed by another research group 
do noc have a defect in apoptosis (8)- 
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Figure 7 

IL-18 was measured in the urine of mice with ARF by the ECU method 
that detects both the pro-lL-1 8 form and mature IL-1 8 form (a). IL-1 8 
was also measured in the urine of human patients with ARF using a 
human IL-18 EUSA kh chat detects the mature form of IL-18 (b). IL-1 8 
levels were expressed per milligram of urinary creatinine to correct for 
differences in urine concentration. *P < 0.05 vs sham; 9 P " 0.01 vs con- 
trols; r? 4 for mouse and ft - 5 for patients. 
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Finally, we considered IL-18 as a mediator of the 
ischemic ARF in caspast-1^- mice. Evidence for a role 
of IL-18 as a mediator of tissue injury in other organs 
is emerging. Neutralization of IL-18 during lethal 
endotoxemia reduces neutrophil cissue accumulation 
and protects mice against the lethal effects of LPS 
(13). IL-18 has also been shown to be involved in lung 
injury after endotoxemia (25) as well as Shigella 
flexneri-induczd inflammation (26). A possible role of 
IL-18 in ischemic ARF in mice is suggested by the 
observation of an upregulacion of IL-18 mRNA that 
coincided with caspase-1 activation (27). To our 
knowledge, there have been no other studies of the 
role for IL-18 in ischemic organ injury. In the present 
study, the proceed on against ischemic ARF in the cos- 
pase-l-s- mice suggested a potential pathogenic role of 
IL-18- Furthermore, the concept chat IL-18 may play 
an important pathogenic role in ischemic ARF was 
supported by the demonstration of increased IL-18 
procein and a conversion of the pro-IL-18 form to the 
active form of IL-18 during ischemic ARF. Lasdy, the 
administration of anti-IL-18 antiserum was shown to 
protect mice against ischemic ARF. 

To determine a possible mechanism ofH-18-induced 
tissue injury, we measured MPO activity in the kidney. 
Neutralization of IL-18 was accompanied by a decrease 
of MPO content in the kidney, thus reflecting a reduc- 
tion in leukocyte infiltration. While the tole of neu- 
trophils in ARF remains controversial, there is increas- 
ing evidence chat leukocytes, particularly neutrophils, 
mediate cissue injury and play a role in the development 
of ARF (28). This experimental evidence derives from 
Studies (28) that show an accumulation of neutrophils 
in ischemic ARF, neutrophil depletion studies chat show 
a reduction of tissue injury, and scudies demonstrating 
a beneficial role of anri-lCAM-1 therapy in ARP- 

While IL-18 exerts some of its proinflammatory 
effects by induction of If N-Y, recent data suggest 
chat it also has direct anti-inflammatory effects. For 
example, IL-18 induces production of chemokines, 
such as IL-8 and macrophage inflammatory protein- 
la (MlP-la) (29), and upregulates expression of 
vascular cell adhesion molecule (VCAM-1) in hepatic 
melanoma cells in vivo (30). In this regard, upregula- 
cion of another chemokine, endothelial monocyte- 
activaring polypeptide II (EMAP-II) as well as the 
adhesion molecule, ICAM-1, plays an important 
pathogenic role in ischemic ARF (3 1). 

Constitutive levels of IL-18 mRNA and protein are 
present in unstimulated human and murine cells and 
in the tissues of healthy mice (11). In che present 
study, immunohiscochemistry demonstrated the 
presence of IL-18 in tubular epithelial cells in normal 
sham-operated kidneys. The presence of IL-18 in 
tubular lumens on immunohistochemistry of 
ischemic ARF kidneys prompted us to measure IL-18 
in the urine. The observed presence of IL-18 in che 
urine during ARF is compatible with the fact that cas- 
pase-1, an intracellular cysteine protease, cleaves 



pro-IL-18 into mature IL-18, a bioactive peptide that 
is readily released from the cell- The specificity and 
riming of the appearance of IL-18 in the urine in ARF 
deserves further study, particularly given the need for 
early diagnostic markers and interventions in this 
high-mortality clinical entity. 

In conclusion, during ischemic ARF, caspase-l-rnedi- 
ated conversion of pro-IL-18 to active IL-18 occurs. 
The active IL-18 is released from the tubular cell and 
mediates neutrophil infiltration during ischemic ARF. 
Administration of neutralizing anri-IL-18 Ab*s affords 
protection against ischemic ARF. Thus, the present 
results demonstrate that IL-18 plays a deleterious role 
in experimental ischemic ARF, perhaps in part due to 
increasing neutrophil infiltration into the renal 
parenchyma. The detection of IL-18 in the urine and 
the potential therapeutic effect of neutralizing IL-18 
may have future rliriiral implications for ARF. 
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